In this paper, the application of a continuous rainfall-runoff model to the basin of Kosynthos River (district of Xanthi, Thrace, northeastern Greece), as well as the comparison of the computational runoff results with field discharge measurements are presented. The rainfall losses are estimated by the widely known Soil Conservation Service-Curve Number model, while the transformation of rainfall excess into direct runoff hydrograph is made by using the dimensionless unit hydrograph of Soil Conservation Service. The baseflow is computed by applying an exponential recession model. The routing of the total runoff hydrograph from the outlet of a sub-basin to the outlet of the whole basin is achieved by the Muskingum-Cunge model. The application of this complex hydrologic model was elaborated with the HEC-HMS 3.5 Hydrologic Modeling System of the U.S. Army Corps of Engineers. The results of the comparison between computed and measured discharge values are very satisfactory.
INTRODUCTION
In this paper, the application of a continuous rainfall-runoff model to the basin of Kosynthos River (district of Xanthi, Thrace, northeastern Greece), as well as the comparison of the computational runoff results with field discharge measurements are presented.
First simulation efforts of the rainfall-runoff process are observed in the second half of the 19 th century. At the duration of this period, most engineers used either empiric types or the rational method, which can be characterized as the first rational approach of the "flow forecast" problem from rainfall data given (Dooge, 1957; Dooge, 1959) .
Nevertheless, most historical developments in the field of rainfall-runoff modeling occurred in the first half of the 20 th century. During the decade 1920, when the need for a corresponding type which would be used for bigger basins, became perceptible, a lot of modifications were imported into the rational method in order to cope with the nonuniform distribution, in space and time, of the rainfall and the characteristics of the basin. The decade of the 1930's experienced an outburst on all fronts of hydrology (Džubáková, 2010) . In 1932, Sherman introduced the concept of unit hydrograph, which is based on the principle of succession. This method was dominative in hydrology for more than 25 years. However, the succession principle includes a lot of assumptions and problems; for example, the basin behaves as a linear, temporally immutable system in relation with the rainfall and its transformation into surface flow, the segregation of the surface flow from the baseflow and the determination of effective rainfall. One year later, in 1933, the Hortonian infiltration theory was imported by R. E. Horton. Robert E. Horton is best known as the originator of the infiltration excess overland flow concept for storm hydrograph analysis and prediction, which, in conjunction with the unit hydrograph concept, provided the foundation for engineering hydrology for several decades (Beven, 2004) .
Significant progress in the simulation of the processes took place in 1950's, when hydrologists found techniques, like the Laplace transformations or Fourier series, which changed the linear, immutable basin into a dynamic system. Thus, the base was set for the development of the first conceptual models, based on the principles of hydraulics. For the discretization of the unit hydrograph, simplified differential equations were used, as the one that describes the storage behaviour of a reservoir or cascade of reservoirs as interrelation of time (Prasad, 1967) . Thus, the unit hydrograph was described with parameters that could be estimated from the basin characteristics or with statistical terms, as propensities of regression and method of maximum likelihood. The determination of unit hydrograph form from real data, only with the use of transformations, was not satisfactory, but with the import of restrictions of continuity and regularity became more realistic and satisfactory (Wiener, 1949; Tikhonov, 1963; Eagleson et al., 1965; Todini and Wallis, 1977 ).
An extensive acceleration of new discoveries in rainfall-runoff modeling emerged with a digital revolution in 1960's, when the development of models has gone hand-in-hand with increase of computing power. Thanks to new technologies, modellers' focus was shifted from event-based models (originated from the 1930's) to the first hydrologic models for continuous simulation of rainfall-runoff processes (emerging in the 1960's with computing power) (Sharma et al., 2008 , in Džubáková, 2010 . Additionally, in the 1960's, due to technology advances, conceptual modeling first came to light. One of the first conceptual models is the Stanford Watershed Model (SWM) developed by Crawford and Linsley in 1966 . It was one of the first models trying to model virtually the entire hydrologic cycle (Frevert and Singh, 2006) .
In the 1970's and 1980's, the need of a more realistic approach of the process of rainfall-runoff, based on physiographic characteristics (i.e. land use, soil cover and slope) in complex larger basins, was urgent. Thus, physically-based hydrologic models were developed. These models embody components such as surface runoff, evapotranspiration, and channel flow, but they can be far more complex. In a nutshell, physically-based models, also known as deterministic, comprehensive or process-based models, try to represent the physical processes observed in the real world.
Later on, number of physically-based watershed hydrology models were constructed, e.g. Storm Water Management Model (SWMM), Precipitation-Runoff Modelling System (PRMS), National Weather Service (NWS) River Forecast System, Streamflow Synthesis and Reservoir Regulation (SSARR), Système Hydrologique Européen (SHE), TOPMODEL, Institute of Hydrology Distributed Model (IHDM) and others (Frevert and Singh, 2006, in Džubáková, 2010) .
One basic part of the rainfall-runoff process is the flood routing. Regarding flood routing, the models can be divided into two main categories, the hydrologic models as the Muskingum model (Dooge et al., 1982) and the hydraulic models as the kinematic, diffusion and hydrodynamic wave models (Price, 1973; Keefer and McQuivey, 1974) .
The rainfall-runoff models are classified into various categories that depend on the kind of the equations, the time and spatial step etc. The most common categories of the models are the continuous and event models, as well as the lumped and distributed models. Continuous simulation of streamflow is useful for predicting the streamflow impacts of land use changes and stormwater management practices (McEnroe, 2010) . However, the simulation of single rainfall events in a continuous hydrologic model is similar with the respective simulation in event-based models.
In the present study, a continuous distributed model was applied to a relatively large basin (237 km 2 ). Very important for a continuous hydrologic model is the simulation of time variation of baseflow during and after the rainfall events. An exponential recession model was used as baseflow model in this study, which is the novelty of the present paper, because, usually, simple assumptions are made for the time variation of baseflow (e.g. constant monthly value of baseflow). The deterministic distributed hydrologic model HEC-HMS is used to simulate the flow in the hydrologic units of the watershed. HEC-HMS was conceived as a software-based tool for simulating the hydrologic cycle in the context of engineering problem solving (Scharffenberg et al., 2010) . It is designed to simulate the precipitation-runoff processes of dendritic watershed systems and it is applicable in a wide range of geographic areas for solving the widest possible range of problems (USACE, 2010) . The US Army Corps of Engineers developed the VISUAL HEC and its evolution the HEC-HMS software, which is used in this paper.
HEC-HMS has been successfully applied, in its continuous version, in a wide range of cases. Fleming and Neary (2004) successfully used HEC-HMS as a tool for continuous hydrologic simulation in the Cumberland River basin. Chu and Steinman (2009) carried out continuous hydrologic simulations by applying HEC-HMS to the Mona Lake watershed in west Michigan. Neary et al. (2004) applied the HEC-HMS model, with its soil-moisture-accounting (SMA) algorithm for continuous simulation, to compare streamflow simulations using basin-average gauge and basinaverage radar estimates. Cunderlik and Simonovic (2004) used the continuous simulation version of the HEC-HMS model to describe the main hydroclimatic processes in the Ontario River basin.
A brief theoretical model description is given below.
THEORETICAL MODEL DESCRIPTION

Rainfall excess model
The Soil Conservation Service-Curve Number (SCS-CN) method is widely used in hydrology, especially in precipitation-runoff computer software programs, and it is an effective way of calculating the surface runoff, for a single storm. The SCS-CN method for predicting surface runoff volume from rainfall is accepted technology (Nearing et al., 1996) . Perhaps, it is the most common method for predicting storm runoff volume. It appears in such models as AGNPS, EPIC, SWAT and HEC -HMS (Walker et al., 2001) . The basic assumption of the SCS-CN method is that, for a single storm, the ratio of actual soil retention, after runoff begins, to potential maximum retention is equal to the ratio of direct runoff to available rainfall. According to SCS-CN method, the rainfall excess is computed by: The maximum hydrologic losses are computed by the equation:
where CN is the curve number which can be estimated as a function of land use, soil type and antecedent moisture conditions, using tables published by the SCS. The smaller the CN is, the smaller the surface runoff is, while the bigger the CN is, the bigger the surface runoff is (0<CN<100).
Evapotranspiration
The rainfall losses estimated by the SCS-CN model are mainly due to rainfall water infiltration. Generally, in event-based hydrologic models, the rainfall losses due mainly to infiltration are computed. However, in continuous hydrologic models, the rainfall losses due to evapotranspiration are mainly computed because they constitute the largest part of the rainfall losses on a long-term time basis.
Evapotranspiration is an important component of the water cycle, and is primarily affected by weather and climate conditions. However, there are additional factors affecting evapotranspiration like crop characteristics, management and environmental factors. (Dinpashoh et al., 2011) , and can be expressed as: 
Lag time and time of concentration
There is a delay in time, after a brief heavy rain over a watershed, before the runoff reaches its maximum peak. This delay is a watershed characteristic called lag (Kent, 1972) . In order to calculate the lag time, the basin's time of concentration has to be calculated first (Nasri et al., 2011) . The concentration time was computed by various empiric equations (Fort Bend, Kerby-Hathaway (1959) , Kirpich-Ramser (1940) , Ventura-Passini, Turazza-Giandotti (1934), SCS). After the comparison of the computed discharges with the field measurements, it was proved that the most suitable empiric equation is the formula of Turazza-Giandotti and that the model is very sensitive to the concentration time: 
Model for the transformation of rainfall excess into runoff hydrograph
The hydrograph of direct runoff is computed on the basis of the theory of unit hydrograph. In the dimensionless synthetic unit hydrograph of SCS, discharges are expressed as a fraction of the peak discharge q p and time steps as a fraction of the rise time of the unit hydrograph T p (Figure 1) . A method or formula for the determination of lag time that has a strong influence on the computed peak discharge, should be selected (Daniil et al., 2005) . Knowing the peak discharge and the lag time t p for a rainfall excess of specific duration, the unit hydrograph can be estimated by the dimensionless synthetic unit hydrograph for the study basin. ) is: 
Exponential recession model
The applied composite model includes an exponential recession model to represent the time variation of baseflow (Chow et al., 1988) . The recession model is described mathematically by the following equation: k : exponential decay constant; it is defined as the ratio of the baseflow at time t to the baseflow one day earlier.
According to the baseflow model, a threshold value has to be specified as a flow rate or as a ratio to the computed peak flow (Figure 2 ). Equation (7) is applied twice to a hydrograph: (a) to simulate the initial flow (baseflow) recession; in that case, the value Q b,01 lies on the discharge axis, and (b) to simulate the total runoff recession; in that case, the value Q b,02 corresponds to the point of intersection between the threshold line and the recession limb of the hydrograph (Figure 2 ). For the subsequent second hydrograph of Figure 2 , the value Q b,03 corresponds to the end of the first hydrograph, while the value Q b,04 is defined as the value Q b,02 in the first hydrograph.
Figure 2. Recession with multiple runoff peaks
Routing model of Muskingum-Cunge
The division of a large basin into sub-basins renders the application of a hydrograph routing model necessary (Angelidis et al., 2010) . The routing of the total runoff (direct runoff + baseflow) hydrograph from the outlet of a sub-basin to the outlet of the whole basin is enabled by means of Muskingum-Cunge model.
This model is based on the widely known hydrologic routing Muskingum model, including the parameters K and x that cannot be easily estimated. Parameter K accounts for the translation or concentration portion of the routing, while parameter x accounts for the storage portion of the routing. While Muskingum method constitutes a hydrologic approach to the stream channel routing, Muskingum-Cunge method constitutes a hybrid approach, namely a combination of hydrologic and hydraulic approach.
The basic equation of Muskingum-Cunge model is given below: 
The product c c(Δt/Δx) C is called the Courant number and is equal to the ratio of the celerity of small waves c to the grid celerity Δx/Δt. By equating the hydraulic physical diffusion coefficient v h = q 0 /2S f with the numerical diffusion coefficient v n cΔx(0.5-x) of the numerical scheme, the value of the parameter x is obtained: q : reference discharge per unit width (from the inlet hydrograph) f S : energy slope By using Equation (11), the parameter x is computed by means of the physical characteristics of the routing stream (Δx, S f , c, q 0 ). (74%), bush (4.5%), urban area (1.5%) and an area with no significant vegetation (20%) (Figure 3) . The dominant rocks are granite-diorite, marble, gneiss-granite and migmatite. The structure of the rocks (low percentage of deep percolation), as well of the soil (semi-permeable) favour a relatively high runoff. The highest altitude of the basin is about 1700 m. The length of the main stream of the basin is about 35 km. For more precise calculations, the basin was divided into ten natural sub-basins (Figure 4) . The structure of the basin, especially for the model operation, is depicted in Figure 5 . In order to clarify Figure 5 , it is exemplarily reported that the main stream of Sub-basin 4 and the Reach 1, which is not the main stream of Sub-basin 1, contribute to Junction 1 (Tsakiridis et al., 2007) .
APPLICATION TO KOSYNTHOS RIVER BASIN
For the estimation of the model parameters, rainfall data (time step 10 min) from the meteorological station of Oraio, as well as topographical, geological, main stream and soil cover maps were used. The meteorological station of Oraio is located in the centre of gravity of the basin (Figure 4) , at an elevation of 800 m. However, it has to be noted that the rainfall data of only one meteorological station is not representative for the whole basin, especially for the sub-basins located near the outlet of the whole basin.
The climate of the under study area is characterized as temperate mediterranean. The average annual temperature is 14°C and about 50 mm of precipitation fall annually. The Penman-Monteith FAO-56 method was used to estimate the monthly evapotranspiration values, for the under study time periods. Thus, the monthly average method was selected from HEC-HMS. However, the evapotranspiration computed by the method mentioned above is the potential evapotranspiration of the reference crop, which is different from the soil cover of the basin considered. The potential evapotranspiration of a specific crop, ET c , is calculated as the product of the potential evapotranspiration of the reference crop, ET o , and the crop coefficient c , as outlined in Equation (13) (Doorenbos and Pruitt, 1977 , Allen et al., 1998 , in Verstraeten et al., 2005 : The cross section of Kosynthos River, where the measurements were performed (Figure 4) , was divided into subsections, and the mean flow velocity was measured separately in each subsection using an impeller flow meter. The stream discharge in each subsection results as the product of the mean flow velocity and the cross-sectional area of the subsection. The stream discharge of the whole cross section is the sum of the stream discharges of the subsections.
Determination of the model parameters
A detailed determination of the parameter CN (curve number), included in the SCS rainfall excess model, was undertaken in this study, because the hydrologic model is very sensitive to the parameter CN. The curve number was estimated for each sub-basin by processing the soil cover map and by using the disposable soil data for the basin. According to Gikas (2002) , the entire soil surface of the basin consists of sandy clay and therefore resides in the hydrologic class B (semipermeable soils). The curve number values were estimated for the medium soil moisture condition (CN II).
The parameter of the SCS model for the transformation of rainfall excess to runoff hydrograph, which has to be estimated, is the concentration time. The concentration time was computed by the formula of Turazza-Giandotti.
The determined parameters of the Muskingum-Cunge routing model are: a) the main stream length of each sub-basin (main stream map), b) the average slope of the main stream of each sub-basin (contour map), c) the geometric characteristics of the cross sections (estimated), d) the Manning coefficient depending on the roughness of the stream bed (estimated). At this point, it has to be noted that a sensitivity analysis for Manning coefficient showed that its value does not influence considerably the computed hydrographs.
In Table 1 , the area, the curve number and the concentration time, resulting from the Giandotti formula, are given for each sub-basin. In Table 2 , the length, the bed slope, the bottom width, the shape of the cross section and the Manning coefficient are given for each routing reach. A "manual" calibration was carried out for the parameters that cannot be determined by means of tables and/or maps. Thus, the decay constant k of the baseflow model has obtained the value 0.88, while the threshold discharge was determined as equal to 25% of the peak discharge. Table 3 , the precise measured discharge values along with the calculated ones are given for each date. According to Figures 7, 9 and 10, peak discharge values were not measured, while, according to Figures 6 and 8, some peak discharge values were measured. At this point, it must be noted that it is practically impossible to measure the maximum peak discharge value of a long time period.
QUANTITATIVE RESULTS
COMPARISON BETWEEN COMPUTED AND MEASURED DISCHARGE VALUES
Efficiency criteria are commonly used by hydrologists to provide an objective assessment of the "closeness" of the simulated behaviour to the observed measurements ( rause et al., 2005) . For the comparison between computed and measured discharge values, the following criteria were used: "root mean square error" (RMSE), relative error, Nash-Sutcliffe efficiency coefficient, correlation coefficient R and t-test.
) is defined mathematically as follows: 
The relative error varies between the values -90.7% and 166.79%.
The efficiency E proposed by Nash and Sutcliffe (1970) The range of E lies between 1 (perfect fit) and  . Efficiency was found to be 0.84.
The degree of linear dependence between computed and measured discharge values is expressed by the correlation coefficient R. This coefficient, as a result of linear regression analysis, is equal to 0.927 (Figure 11 ). In the same figure, the line of perfect agreement between computed and measured discharge values is shown. Figure 11 . Linear regression line between computed and measured discharge values A t-test has also shown that there is no statistically significant difference between the observed and predicted discharge values. 
CONCLUSIONS
It is concluded that there is a very good approximation between the computed and measured discharge values and that the deviation between these values is not considerable. Additionally, the degree of linear dependence between computed and measured discharge values is very high. However, a small deviation between computed and measured discharge values is justified by the fact that the measurements were not carried out exactly at the basin outlet, but near the basin outlet.
Consequently, through the continuous hydrologic modeling for a relatively long time period in a relatively large basin, a more realistic representation of the runoff process can be achieved. Additionally, the maximum peak values of the hydrographs can be computed.
An important component of a continuous hydrologic model is that of baseflow, for both time periods during and after the rainfall events. Therefore, a more realistic assumption for the time variation of baseflow was included in the hydrologic model (exponential recession of the initial baseflow value). However, the parameters of the baseflow component were determined by calibration in contrast to the other parameters of the hydrologic model that were determined by means of maps and/or relevant tables.
Finally, it is believed that the deviations between computed and measured discharge values for single rainfall events can be mitigated by means of the continuous hydrologic modeling, because of the integrating effect obtained through use of a long simulation period.
